What are the mechanisms by which noise and air pollution can cause cardiovascular disease?
In recent years, noise and air pollution research has made substantial progress, particularly with regard to relevant clinical studies as well as pathophysiological mechanisms that may play an important role in noise and air pollution-induced cardiovascular effects. There are only few studies that provide mechanistic insight into the relationship between noise exposure and increased cardiovascular risk. In 2011, we started to tackle this problem by combining it with sophisticated methodologies to measure vascular function such as flow-mediated dilation in subjects exposed to noise.
In a field study (exposure to noise at home and not in sleep laboratories) we established that simulated night-time aircraft noise (MP3 player; 30 and 60 flights/night, peak sound level of 60 dB (A), mean sound level of 43 and 46 dB (A), respectively) is associated with worsening of vascular (endothelial) function (measured by flow-mediated dilation), increased stress hormone levels (epinephrine), and decreased sleep quality. 6, 7 Importantly, in a small subgroup of subjects endothelial dysfunction was reversed by prior administration of the antioxidant vitamin C (2 g po) suggesting that increased oxidative stress was at least in part responsible for aircraft noise-induced impairment of endothelial function. 6 Two recent animal studies could further reveal relevant molecular mechanisms by which aircraft noise induces vascular dysfunction. 8, 9 Hereby, we demonstrated that simulated aircraft noise exposure for 4 days led to a significant increase in stress hormone levels, increased blood pressure, changes in vascular wall gene expression, and impaired vascular function, mainly due to increased free radical formation and oxidative stress. With these studies, two important enzymes were identified as being involved in the initiation of aircraft noise-induced vascular dysfunction: the nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase; phagocytic form or NOX-2) and the nitric oxide synthase (NOS). 8, 9 The noise-induced dysregulation of these enzymes enhanced the formation of reactive oxygen species, which directly led to decreased vascular bioavailability of nitric oxide (NO), an important radical with powerful vasodilator and anti-atherosclerotic properties and . . . . . . . . . . . . . . . . . . . . thus resulted in the impairment of endothelial function. Mainly aircraft noise applied during the sleeping phase of the animals reduced the expression of genes responsible in the regulation of the circadian clock, reduced the expression of neuronal NOS, an enzyme responsible for memory and learning, and also uncoupled the enzyme along with an increase in cerebral NOX-2 expression. 8 In Nox2 knockout mice aircraft noise was not able to increase blood pressure and to cause damage to the vasculature and the brain. 8 The activation of oxidative stress pathways also plays a crucial role in causing vascular (endothelial) dysfunction caused by air pollution constituents. Thus, increased production of vascular reactive oxygen species and evidence for increased vascular inflammation have been demonstrated in response to diesel exhaust, wood smoke, fine (PM2.5), or ultrafine particulate matter exposure (0.1 mm) (for review, see refs 10 , 11 ) . Experimental research has also established an activation of central nerve system reflex arcs further enhancing systemic inflammation. Enzymatic sources being responsible for increased oxidative stress within the vasculature include an uncoupled endothelial NOS and an activation of the phagocytic NADPH oxidase (NOX-2; for review, see ref. 11 ). Interestingly, for subsequent development of insulin resistance, adiposity, and inflammation in response to PM 2.5 mm reactive oxygen species generation by NADPH oxidase appears to mediate this risk. 10 The important aspect of all these studies is that environmental stressors such as noise and air pollution are damaging the cardiovascular system probably by similar mechanisms. Noise and air pollution constituents induce endothelial dysfunction due to increased oxidative stress. Both stressors have also been shown to cause and/or to be associated with or even to potentiate the cardiovascular side effects of traditional risk factors such as hypertension, smoking, hyperlipidaemia, and diabetes, thereby further stimulating and/or accelerating the atherosclerotic process (Figure 1 ).
Tasks for future research addressing environmental stressors
Taken together, there is an urgent need to study the cardiovascular consequences of simultaneous noise and air pollution exposure in experimental animal models and in men. To my knowledge, no studies have addressed so far this topic yet and there are numerous questions to be answered-in particular whether there are additive or even potentiating harmful adverse effects of these environmental stressors on the cardiovascular system. Specifically, we need to address the effects of co-exposure on haemodynamics such as blood pressure and heart rate, vascular (endothelial) function, oxidative stress pathways, and the impact of both stressors on the circadian rhythm ( Figure 1) . We have to invest more research into the topics of mitigation, prevention and the impact of lifestyle changes such as exercise and diet on cardiometabolic diseases caused by such stressors. We have to convince policy makers that both air pollution and noise represent important cardiovascular risk factors that can be significantly influenced not by doctors or the patient, but rather by politicians lowering noise and air pollution limits to levels where almost no cardiovascular side effects are to be expected.
